Although there is mounting evidence of neuronal toxicity and cell death induced by the HIV-1 transactivating factor Tat, the molecular events linked directly to its detrimental effect on neuronal cells remain unclear. In this study, we used rat embryonic cortical neurons and demonstrated that Tat causes rapid degradation of microtubule-associated protein 2 (MAP2) and the collapse of cytoskeletal filaments. The mechanism of Tat action on MAP2 stability involved Tat 
Introduction
The process of neurodegeneration in human immunodeficiency virus (HIV) encephalopathy (HIVE) is characterized by extensive synaptic and dendritic damage that can progress to neuronal loss (Del Valle et al., 2000; Masliah et al., 2004) . Because neurons are rarely infected by HIV-1, indirect mechanisms, including release of viral proteins from infected cells, are thought to cause neuronal dysfunction and death. The viral regulatory protein Tat is among the critical factors that are believed to be involved in the onset and progression of autoimmunodeficiency syndrome (AIDS) and AIDS-associated neurological complications (Kaul et al., 2001; Nath, 2002; Peruzzi et al., 2005; Peruzzi, 2006 ). An intriguing aspect of Tat-induced neurotoxicity includes impairment of synaptic plasticity (Perry et al., 2005) and inhibition of neurite outgrowth (Bergonzini et al., 2004) . Both extension and maintenance of neuronal processes are governed by the structural and functional integrity of the cytoskeleton. Tubulin is the major structural component of the microtubules that are required for neuronal outgrowth and plays essential roles in the regulation of cytoskeletal dynamics (Desai and Mitchison, 1997) .
Microtubule function is regulated by motor proteins such as kinesins and dyneins and structural microtubule-associated proteins (MAPs) (Hirokawa, 1994; Cassimeris and Spittle, 2001) . The best studied MAPs in the nervous system are MAP2, mostly localized in the dendrites, and Tau, more abundant in axons (Binder et al., 1985; Riederer and Matus, 1985) . MAP2 activity is critical for microtubule nucleation, polymerization, stability, and bundling (Chen et al., 1992; Ferralli et al., 1994) , as well as microtubular transport (Lopez and Sheetz, 1995; Sato-Harada et al., 1996) . In addition, both MAP2 and tubulin have been shown to possess a chaperone-like activity (Guha et al., 1998; Sarkar et al., 2004) . In the brain, four isoforms of MAP2 are produced by alternative splicing: high molecular weight (HMW) MAP2 (a and b) and low molecular weight (LMW) MAP2 (c and d) isoforms. All variants consist of two major domains, the N-terminal projection domain and the C-terminal microtubule-binding domain. Importantly, loss of MAP2 in immunoreactive dendrites from pyramidal neurons of the frontoparietal cortex and hippocampus has been correlated with the severity of cognitive impairment in patients with HIVE (Masliah et al., 1997; Archibald et al., 2004) . Downregulation of MAP2 expression has been demonstrated further by mRNA analysis in the frontal cortex of patients with HIVE and in primary human neurons exposed to Tat and methamphetamine .
Here, we investigated the effect of Tat on the extension and maintenance of neuronal processes of rat embryonic cortical neurons. In both instances, Tat promoted neuronal damage by a mechanism that involved recruitment of the proteasome to microtubules and MAP2 degradation. Immunohistochemical analysis of clinical samples further suggests the occurrence of a similar neurodegenerative mechanism in the setting of HIV encephalopathy.
Materials and Methods
Rat neuronal primary cultures. Rat cortical neurons were obtained by enzymatic and mechanical treatment from Sprague Dawley rat embryonic day 17 (E17). Cortices were dissected out in dissecting medium (in mM: 1.6 sucrose, 2.2 glucose, 1 HEPES, 16 NaCl, 0.5 KCl, 0.1 Na 2 HPO 4 , and 0.022 KH 2 PO 4 ) and placed in Hybernate E medium (BrainBits, Springfield, IL). After careful removal of the meninges, the intact tissue was incubated with TripleExpress enzyme (Invitrogen, Carlsbad, CA) at 37°C for 10 min, followed by three washes with Hybernate E medium. Tissue trituration was performed in culture medium (see below) using a fire-polished glass Pasteur pipette, and single cell suspension was diluted with culturing medium. Finally, cells were plated on poly-D-lysinecoated dishes at a density of 4.5 ϫ 10 4 /cm 2 and cultured in Neurobasal medium containing B27 supplement, 0.25 mM Glutamax, and 0.25 mM L-glutamine (all from Invitrogen).
Mutagenesis. pEYFP-Tat 1-86 served as template for the mutagenesis performed using the QuikChange II site-directed Mutagenesis kit (Stratagene, La Jolla, CA) following the instructions of the manufacturer. The mutagenic oligonucleotide primers were gttgctttcattgccaaaaagccttaggcatctcc and the complementary sequence on the opposite strand.
Nucleofection and transfection of neuronal cultures. For nucleofection, freshly isolated cells (12 ϫ 10 6 /reaction) were centrifuged at 800 rpm for 5 min and resuspended in 100 l of the nucleofection solution (rat neuron nucleofector kit; Amaxa, Gaithersburg, MD). The cell suspension was then mixed with 5 g of the appropriate plasmid and transferred to a nucleofection cuvette. The nucleofection program was number O-03 as specified by the manufacturer. Cells were immediately plated in culture medium (as described above) at a concentration of 5 ϫ 10 6 /60 mm plate. For immunofluorescence experiments, nucleofected cells were plated at a concentration of 4 ϫ 10 4 /cm 2 in poly-D-lysine/laminin-coated chamber slides. In all experiments, control untransfected cells were plated at half of the density. Efficiency of transfection was evaluated within 3 h from the nucleofection using a fluorescent microscope. When required, ALLN (N-acetyl-Leu-Leu-Nle-CHO; 0.25 M) and MG-132 (carbobenzoxy-lleucyl-l-leucyl-l-leucinal; 25 nM) inhibitors were added to the neuronal cultures 1 h after transfection. All of the inhibitors were from Calbiochem (La Jolla, CA) (EMD Biosciences, San Diego, CA).
Fully differentiated primary neurons were transfected 4 d after the original plating using the Lipofectamine 2000 system (Invitrogen), following the protocol of the manufacturer. If a fluorescent protein was used, expression of the positive cells was visualized under a fluorescent light microscope within 4 h from transfection.
Treatment of neuronal cultures with Tat protein and terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assay.
Recombinant Tat1-72 protein was a kind gift from Dr. Avindra Nath (Johns Hopkins University, Baltimore, MD). After 8 d in culture, rat embryonic cortical neurons were exposed to recombinant Tat at a concentration of 100 nM or 500 nM. For Western blot analysis, cellular lysates were obtained 24 h after treatment with Tat1-72.
Western blots. Rat primary cortical neurons were collected by scraping the plates in the presence of PBS, followed by centrifugation and lysis of the cell pellet in the appropriate volume of radioimmunoprecipitation assay buffer (50 mM Tris, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM sodium orthovanadate, phosphatase inhibitors and protease inhibitor mixtures). Fifteen to 50 g of the whole-cell lysate were separated on a 4 -15% SDS-PAGE (Bio-Rad, Hercules, CA). MAP2 antibody was obtained from Cell Signaling Technology (Beverly, MA). Anti-living colors antibody was obtained from Transduction Laboratories (BD Biosciences, San Jose, CA). Actin, ␣-tubulin, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody against Tat was the R705 poly- Fluorescence microscopy. For immunofluorescence analysis, rat primary neurons were grown in two-or eight-chamber slides (BD Falcon; BD Biosciences, Bedford, MA) coated with an aqueous solution containing poly-D-lysine and laminin (1:1) at concentrations of 0.01 and 0.005 mg/ml, respectively. Cells were washed once with PBS and fixed with 10% formaldehyde (methanol free) ultrapure EM grade (Polysciences, Warrington, PA) for 20 min at 4°C. After two washes with PBS, the slides were processed for immunofluorescence or stored at Ϫ20°C in 70% ethanol. For immunofluorescence, the chamber slides were washed three times with PBS, followed by 1 h of blocking at room temperature in PBS containing 10% Immunopure normal goat serum (Pierce Biotechnology, Rockford, IL). Primary antibody was diluted in PBS containing 2% goat serum and incubated over night at room temperature, followed by an additional incubation of 1 h at 37°C. Cells were rinsed three times with PBS and then incubated with the appropriate secondary antibody diluted in PBS containing 2% of goat serum for 1 h at 37°C. Finally, the chamber slides were rinsed three times with PBS and mounted with Vectashield mounting medium containing 4Ј6Ј-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). MAP2a/b (1:1000) antibody was obtained from Chemicon (Temecula, CA). Proteasome 20S (1:200) polyclonal antibody was obtained from Zymed (South San Francisco, CA).
Immunohistochemistry. Samples from four cases of formalin-fixed, paraffin-embedded HIV-encephalopathy were collected from the HIV Manhattan Brain Bank at Mount Sinai Medical School. Fourmicrometer-thick sections were cut using a microtome and placed on charged glass slides. Immunohistochemistry was then performed according to the instructions of the manufacturer (Vector Laboratories). Our protocol includes deparaffination, rehydration in alcohol up to water, antigen retrieval in citrate buffer, pH 6.0, endogenous peroxidase quenching, and blocking in normal horse (for mouse monoclonal antibodies) or normal goat (for rabbit polyclonal antibodies) serum for 2 h at room temperature. Primary antibodies were incubated overnight in a humidified chamber. After rinsing with PBS, secondary biotinylated antibodies were incubated for 1 h (1:200 dilution), followed by ABC incubation and developing with diaminobenzidine (Boehringer Mannheim, Mannheim, Germany), counterstained with hematoxylin and coverslipped.
Primary antibodies used in this study included a rabbit polyclonal anti-Tat (courtesy of Dr. Avindra Nath) used at a 1:1000 dilution, a mouse monoclonal anti-MAP-2 (clone MT-01; GeneTex, San Antonio, TX) used at a 1:100 dilution, and a mouse monoclonal antibody for Proteasome 20S alpha3-subunit (clone MCP257; Calbiochem) used at a 1:100 dilution.
Double-labeling immunofluorescence. For double labeling, the first steps of the protocol are similar to the protocol described above. However, after incubation with the first primary antibody, a secondary fluorescein-tagged antibody was incubated for 1 h at room temperature, and after rinsing thoroughly, the second primary antibody was incubated overnight. Finally, a second secondary antibody tagged with rhodamin was incubated for 1 h. Sections were coverslipped with an aqueous-based mounting media containing DAPI and visualized under an inverted fluorescent microscope (see below).
Overexpression and purification of recombinant proteins. GST and GSTTat and its deletion mutant fusion proteins were prokaryotically expressed and purified as described previously . The integrity and purity of the GST fusion proteins were analyzed by SDS-PAGE followed by Coomassie blue staining. Known amounts of BSA were included as controls on the same gel. For the in vitro binding assays, 300 g of neuronal lysates at day 19 postisolation were incubated with 5 g of GST or appropriate GST-fusion proteins coupled to glutathione Sepharose. The bound proteins were eluted with Laemmli sample buffer and separated by SDS-PAGE.
Deconvolution analysis and quantification of colocalization between de-tected proteins. Deconvolution of selected pictures was performed using the SlideBook 4 imaging software (Intelligent Imaging Innovations, Denver CO). In brief, a series of threedimensional images of each individual picture were deconvoluted to one two-dimensional picture and resolved by adjusting the signal cutoff to near maximal intensity to increase resolution. Final pictures were prepared with Adobe Photoshop (Adobe Systems, San Jose, CA) to demonstrate subcellular localization and colocalization between detected proteins. The percentage of colocalization between tubulin and Tat or MAP2 and Tat was calculated from the entire volume of the cells by using SlideBook 4 software, according to the instructions of the manufacturer. Images were captured by inverted fluorescent microscope equipped with motorized z-axis. Statistical analysis. All results are represented as mean values Ϯ SD. The significance of differences between means was performed using a two-tailed Student's t test. p values Յ 0.05 were considered to be statistically significant.
Results

Detrimental effects of Tat on neuronal processes
To determine the molecular events associated with Tat-mediated neuronal injury, primary cultures of E17 cortical neurons were transfected with a plasmid in which Tat (86 amino acids) was cloned in frame downstream of the enhanced yellow fluorescent protein (pEYFP-Tat). As a gene delivery system, we used nucleofection (see Materials and Methods), which has the advantage of giving a high efficiency of transfection (60 -70%) and rapid expression of the transfected protein. We determined the levels of expression of EYFP and EYFP-Tat in neurons at 4, 10, and 32 h after transfection ( Fig.  1 A) . Although the levels of the control EYFP increased with time, expression of EYFP-Tat was high at 4 h, decreased at 10 h, and was undetectable at 32 h. Analysis of EYFP and EYFP-Tat expressing cells by fluorescent microscopy demonstrated a similar efficiency of transfection for each plasmid at 4 h after nucleofection ( Fig.  1 B) . However, at later time points, the number of EYFP-Tatpositive cells dramatically decreased compared with EYFP transfected cells. Quantitatively, 80 Ϯ 5.8% decrease in the number of fluorescent cells was observed in the presence of EYFP-Tat between 4 and 24 h time points. In contrast, a slight increase (18 Ϯ 3.7%) in EYFP-positive cells was observed at 24 h after transfection (data not shown). The apparent loss of Tat-expressing neurons was accompanied by the detection of nuclear GAPDH in these cells (data not shown), which has been shown previously to correlate with apoptosis (Ishitani and Chuang, 1996; Sawa et al., 1997; Saunders et al., 1999; Kusner et al., 2004; Hara et al., 2005) .
To visualize Tat-mediated impairment of neurite outgrowth, cells were transfected with expression vector containing red fluorescent protein with mitochondrial localization signal (dsRedmito) (Fig. 1C) . Freshly isolated neurons were nucleofected with pECFP (enhanced cyan fluorescent protein) and dsRed-mito or pECFP-Tat and dsRed-mito. Expression of ECFP-Tat and ECFP proteins was visualized 24 h after transfection under cyan light emission using an inverted fluorescent microscope equipped with motorized z-axis and deconvolution software. Control cells (pECFP/dsRed-mito) efficiently extended neuronal processes as visualized by the distribution of blue fluorescent protein and mitochondrial dsRed-mito (Fig. 1C, top panel) . In contrast, a Tat-expressing cell is unable to form neuronal processes and deteriorates as highlighted by condensed mitochondrial marker dsRed. In the same field, a Tat-negative (untransfected) cell shows normal distribution of the mitochondria throughout the neuronal processes (Fig. 1C, bottom panel, right side) .
Tat-induced impairment of neuronal processes was further assessed in mature neurons. E17 cortical neurons were cultured for 5 d and then transfected by Lipofectamine 2000 system using pEYFP-Tat and pEYFP control vectors (Fig. 1 D) . Although the efficiency of transfection was lower compared with nucleofection, this method allowed gene delivery into neurons with well developed neuronal processes. Four h after transfection, both EYFP-Tat and the control EYFP are distributed along neuronal processes (Fig. 1 D, top panels) . However, 24 h later, neuronal processes in Tat-expressing cells showed clear signs of deterioration highlighted by a spotted localization of Tat along the dendrites (Fig. 1 D, bottom panels) and similarly to the experiments performed in freshly isolated neurons (Fig. 1 B) , the number of Tat-expressing neurons decreased rapidly over a period of 24 h (data not shown). These data demonstrate that Tat has detrimental effects on neuronal processes at two different stages of their maturation. It blocks neurite outgrowth in freshly isolated neurons, and it may induce damage to neuronal processes in mature cells. The end point in both instances is neuronal cell death, which occurs within 24 h of expression of this viral protein.
Tat-mediated MAP2 breakdown
To further study the inhibition of neurite outgrowth and neuronal damage by Tat, we investigated a possible interaction between Tat and microtubule structures in neuronal processes. MAP2 is a cytoskeletal protein that regulates microtubule dynamics and function (Hirokawa, 1994; Sanchez et al., 2000) . Importantly, loss of MAP2 immunoreactivity is used as an indicator of neuronal damage after ischemia (Aoki et al., 1995; Dawson and Hallenbeck, 1996) and in patients with HIVE (Masliah et al., 1997; Archibald et al., 2004; Langford et al., 2004; Masliah et al., 2004) .
We first determined expression levels of MAP2 proteins in cortical neurons in long-term cultures (Fig. 2 A) . Both high and low molecular weight MAP2s were present in rat embryonic neurons at 4 h after isolation. An elevated MAP2a/b expression was observed between days 2 and 19 after isolation. MAP2c expression also increased at day 2 in culture, but its decline started as early as 4 d after plating.
Next, we performed immunocytofluorescence analysis of MAP2a/b in cultures of cortical neurons at 4 and 24 h after transfection. We found that Tat-positive cells (green) are characterized by very low levels of MAP2 (red) (Fig. 2 B, two left panels) . In these two images, red cells (MAP2 staining) are Tat negative (lack of green). In contrast, neurons transfected with the control vector pEYFP are also positive for MAP2 (Fig. 2 B, two right panels) . Under higher magnification and by using deconvolution software, it was possible to demonstrate that in control EYFP cells, MAP2 was present in the entire perimeter of the cell, whereas Tat-positive cells were negative for MAP2 (Fig. 2C) . Importantly, a dramatic difference in the nucleus staining (DAPI, blue fluorescence) between pEYFP and pEYFP-Tat indicates advanced apoptosis in Tat-expressing cells 24 h after transfection. Loss of MAP2 proteins in Tat-expressing neurons was additionally confirmed by Western blot analysis using an antibody that recognizes HMW as well as LMW MAP2 proteins (Fig. 2 D) . High levels of HMW MAP2 (MAP2a/b) are detected in cellular lysates obtained from control pEYFP-positive cells at 4 and 24 h after transfection. In contrast, neurons transfected with pEYFP-Tat vector showed lower levels of MAP2a/b at both 4 and 24 h after transfection. Interestingly, no evident changes were observed at the level of LMW MAP2 (MAP2c), suggesting that Tat action specifically targets MAP2 s a/b. Loss of MAP2a/b in Tat-positive neurons was quantified by densitometric analysis and normalized by efficiency of transfection and Grb2 levels (Fig. 2 E) . When compared with the values relative to the analysis of MAP2a/b expression in the control neurons (pEYFP), a reduction of ϳ10-fold was observed for MAP2a/b levels in EYFP-Tat-positive neurons. In another experimental setting, 8-d-old cultures of rat embryonic cortical neurons were exposed to recombinant Tat (Tat1-72) at concentrations of 100 and 500 nM for 24 h. A dose-dependent intracellular accumulation of Tat was detected by Western blot analysis and is shown in Figure 2 F (top panel) . When tested for MAP2 expression, protein extracts obtained from the Tat-treated neuronal cultures showed a dramatic reduction in the MAP2a/b levels compared with untreated cells (Fig. 2 F, middle panel) . Quantitatively, a 2.6-and 6.7-fold decrease in MAP2 expression occurred in cells treated with 100 and 500 nM of recombinant Tat, respectively (Fig. 2G) .
To further investigate Tat-induced loss of MAP2, we used GST-Tat to pull-down MAP2a/b from neuronal lysates (Fig. 3) . Full-length 86 amino acids GST-Tat and three deletion mutants of Tat were tested: GST-Tat⌬2-36 missing the amino acids 2-36, GST-Tat⌬1-48 missing amino acids 1-48, and GST-Tat1-56, in which the sequence is truncated at the amino acid 56. The fulllength GST-Tat1-86 and the mutant GST-Tat1-56 pulled down MAP2a/b isoforms from neuronal protein extracts. MAP2a/b was also pulled down by the mutant Tat⌬2-36, although less efficiently, whereas the mutant GST-Tat⌬1-48 did not (Fig. 3A) . Therefore, the association between Tat and MAP2 seems to be mediated by the region between amino acids 36 and 48 of Tat, which has also been implicated in tubulin interactions in other studies (Chen et al., 2002) . Next, we generated a mutant of Tat in which the tubulin-binding domain (amino acids 36 -39) was deleted, and we used the new GST-Tat⌬36 -39 protein in GST pulldown experiments (Fig. 3B) . First, we confirmed that Tat⌬36 -39 does not bind tubulin (Fig. 3B, lane 3) . Among the GST-Tat proteins tested, only Tat⌬2-36 and, to a lesser extent, the fulllength Tat (1-86) pulled down tubulin, whereas both Tat⌬36 -39 and Tat⌬1-48 completely failed to do so. When tested for binding to MAP2, Tat⌬36 -39 maintained, at least partially, its ability to bind MAP2 even in the absence of the tubulin-binding site (Fig. 3B, lane 3) . The GST pull-down experiments suggest that the amino acids 36 -48 in the Tat sequence likely mediate the association of Tat to the tubulin/MAP2a/b complex, with the strongest association observed within the tubulin-binding domain of Tat (amino acids 36 -39).
In the next set of experiments, we evaluated the role of the tubulin-binding domain of Tat in Tat-induced MAP2a/b degradation and neuronal cell death. We generated a pEYFPTat⌬36 -39 expression vector and nucleofected it into freshly isolated rat embryonic cortical neurons. Levels of expression of Tat⌬36 -39 at 4 and 32 h after transfection were compared with the levels of cells transfected with the empty vector (pEYFP) and with wild-type Tat (pEYFP-Tat) (Fig. 4 A) . In contrast to the expression of full-length Tat, which is already undetectable after 32 h, substantial amounts of EYFP-Tat⌬36 -39 fusion protein are still present at the same time point. The slightly slower electrophoretic migration of the Tat⌬36 -39 mutant compared with the full-length Tat may reflect the removal of positively charged amino acids, in the Tat⌬36 -39 mutant, which changes the electrophoretic behavior of the mutated Tat (Creamer and Richard- son, 1984; Armstrong and Roman, 1993) . We next tested the effects of Tat⌬36 -39 on neuronal survival. Neurons transfected with pEYFP, pEYFP-Tat, or pEYFP-Tat⌬36 -39 plasmids were analyzed under fluorescent light, 24 h after transfection, when Tat-positive cells are heavily reduced in number (Fig. 4 B) . Interestingly, at this time point, the number of cells expressing Tat⌬36 -39 was comparable with the number of cells expressing the control vector. Quantitatively, an increase of ϳ20% in cell number was observed when control EYFP and EYFP-Tat⌬36 -39 were expressed (Fig. 4C) . At the same 24 h time point, Tatexpressing cells were almost completely eliminated. However, lack of toxicity of the Tat⌬36 -39 mutant is transient, because a substantial cell loss (50% Ϯ 2.4%) was observed after 48 h from transfection (Fig. 4C) . Importantly, the expression of MAP2a/b was reduced to a lesser extent in EYFP-Tat⌬36 -39 than in cells expressing the full-length Tat (Fig. 4 D) . Quantification analysis from three independent experiments showed a pattern of MAP2 expression in pEYFP-Tat⌬36 -39 neurons more similar to the one in control cells (pEYFP) than in Tat-expressing neurons (Fig.  4 E) . Altogether, these results indicate that Tat-mediated MAP2a/b degradation involves the tubulin-binding sequence of Tat and that a mutant of Tat lacking the tubulin binding domain partially rescues MAP2 expression and delays Tat-induced neuronal cell death.
Tat-mediated recruitment of the proteasome to the microtubules
To investigate the mechanisms of MAP2a/b breakdown following expression of Tat in neurons, we treated the pEYFP-Tat neurons with the calpain inhibitor (ALLN) and the proteasome inhibitor (MG-132). MAP2 proteins were detected by Western blot analysis 24 h after transfection (Fig. 5A) . Among the two pathways blocked, only the treatment with proteasome inhibitor, MG-132, restored MAP2 protein levels in Tat-expressing cells. Quantitative analysis of MAP2 expression in the various experimental conditions from three independent experiments revealed a significant increase of MAP2a/b (threefold) in Tat-expressing cells treated with MG132 (Fig. 5B) . Because Tat is known to bind several subunits of the 26S proteasome and enhance its proteolytic activity (Seeger et al., 1997; Apcher et al., 2003) , we hypothesized that Tat-mediated proteasomal activity might be present in the proximity of neuronal microtubules. To examine this possibility, we performed immunofluorescence analysis in pEYFPTat transfected mature neurons (5 d after isolation) using an antibody against the 20S proteolytic core of the proteasome (Fig.  5C ). Both untransfected and EYFP-expressing cells showed welldefined fluorescent particles of 20S (red) in the nucleus, and these did not overlap with cytoplasmic MAP2 (blue). In EYFP-Tatpositive cells, however, the 20S particles were detected equally well in the nucleus and in the neuronal processes where they colocalized with MAP2 (Fig. 5C) . The predominant nuclear localization of the 20S in Tat-negative neurons was additionally confirmed by double labeling of the 20S proteasome and nuclear DAPI (Fig. 5D, insets) . As mentioned previously, neurons transfected with pEYFP control plasmid showed homogenous distribution of the yellow fluorescent protein (green) along the processes, whereas the 20S staining was enhanced in the nuclear and perinuclear areas (highlighted in the inset picture). EYFP-Tat was also distributed through the neuronal processes but with a spotted pattern (middle panel), and the 20S particles seemed to be mainly dispersed away from the nuclear area. Of interest, EYFPTat⌬36 -39 had enhanced nuclear localization (third panel) and predominantly nuclear 20S. Quantitatively, 38 Ϯ 7.1 and 49 Ϯ 11.8% of the 20S proteasome colocalized with DAPI-stained nuclei in cells transfected with the control vector, EYFP, and the Tat⌬36 -39 mutant, respectively. However, only 9.8 Ϯ 1.8% of 20S/DAPI colocalization was found in Tat-expressing neurons (Fig. 5D) . These results strongly indicate that the tubulin-binding domain of Tat is important for the cytoplasmic redistribution of the 20S in Tat-bearing neurons. Figure 6 A shows representative images of cortical sections from two HIVE cases and one control brain immunolabeled with Tat antibody. As expected, none of the neurons in the control tissue were positive for Tat, whereas in HIVE cases, Tat was detected in the cytoplasm of the neurons found in the proximity of microglial nodules (Fig. 6 A, right panel) . Interestingly, in surrounding reactive astrocytes, Tat was detected in both the nucleus and cytoplasm, suggesting cell type-dependent distribution of this viral protein. When labeled with the neuronal marker MAP2, a consecutive section of the same sample (control brain and the two HIVE cases) revealed a robust cytoplasmic staining in every neuron in the normal brain and significantly weaker MAP2 immunolabeling in the HIVE cases (Fig. 6 A, middle panels). Quantitatively, only ϳ30% of neurons in the HIVE cases showed a clear MAP2 labeling (Fig. 6 B) . Finally, we evaluated the subcellular localization of the 20S proteasome, and we found that the majority of control neurons were characterized by nuclear 20S immunolabeling. In contrast, a substantial number of neurons in the HIVE cases showed an apparent redistribution of the 20S particles into the cytoplasm, whereas it remained nuclear in surrounding reactive astrocytes (Fig. 6 A,  bottom panels) . Quantitatively, the number of neurons in which 20S was detected in the cytoplasm increased from 12% in the control brain to 40% in the HIVE samples (Fig. 6C) . Involvement of Tat in the cytoplasmic shift of 20S and MAP2 degradation in vivo was further investigated by immunofluorescence (Fig. 6 D) . HIVE brain samples were double labeled with 20S and Tat (top panels) or MAP2 and Tat (bottom panels). Similarly to the data obtained in our in vitro rat models, Tat colocalized with MAP2 or with 20S particles in the cytoplasm of human cortical neurons.
Together, our in vitro and in vivo data suggest a novel mechanism for Tatinduced neuronal damage (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). It involves the binding of Tat to tubulin in the cytoplasmic compartment and recruitment of the 20S proteasome to the microtubule structure. Tubulin-mediated retention of Tat in the cytoplasm might displace MAP2 from the microtubule structure leading to its degradation via Tat-mediated 20S proteasome redistribution.
Discussion
Neuronal damage caused by HIV-1 infection is often manifested by compromised function of neurons and simplification of dendritic branches (Everall et al., 1994; Masliah et al., 1997; Gelman et al., 2004) . The ability of HIV-1 Tat to be secreted by HIVinfected cells and to freely enter neighboring noninfected cells, including neurons, suggests a critical role for this viral protein in mediating neuronal damage. Considering that Tat can bind tubulin polymers (Chen et al., 2002) and block cellular differentiation and neurite outgrowth (Mondal and Agrawal, 1996; Bergonzini et al., 2004) , we asked whether Tat-mediated neurotoxicity depends on its interaction with microtubules, which are the major structural and functional component of neuronal processes. Here, we used a model of rat primary neurons to investigate the effects of Tat in two different stages of neuronal maturation: an early stage in which the cells start to extend the neurites and a later stage in which neuronal processes are fully extended. Our data indicate that Tat has a dual effect in blocking neurite extension at the early stage and causing extensive damage to neuronal processes at the later stage. Experiments with a mutant Tat demonstrated that Tat-mediated inhibition of neurite outgrowth depends on the presence of the tubulin-binding site in the core region of Tat. This, in turn, induces degradation of the MAP2a/b proteins, which are critical for the stability of neuronal microtubules. The mechanism appears to involve Tat-mediated recruitment of the proteasome to the proximity of microtubules. This route of action of Tat also occurs in mature cells when neuronal processes are fully extended. Of interest, the extent of MAP2 degradation was comparable in neurons expressing Tat and in neurons treated with recombinant Tat.
Among the MAP2 isoforms, only the high molecular weight forms MAP2a and MAP2b appeared to be affected by Tat with deleterious consequences to the function and survival of the neurons. Because MAP2 protein levels decrease shortly after Tat expression (as early as 4 h after transfection), loss of MAP2 is an early event that precedes neuronal death. This finding is in line with several other reports showing a correlation between loss of MAP2 and synaptic damage to neuronal dendrites observed in patients with HIV encephalopathy (Masliah et al., 1997 . Additionally, degradation of MAP2a/b occurred in a dosedependent manner in neuronal cultures exposed to recombinant Tat1-72 (Fig. 2 F, C) .
The tubulin-binding domain of Tat is necessary for Tatmediated MAP2 breakdown, because the Tat mutant lacking this particular sequence (Tat⌬36 -39) failed to promote MAP2 degradation. Previous reports indicate that the expression of MAP proteins can be regulated by activation of calpain proteolytic pathway (Buddle et al., 2003) and, to a lesser extent, by the proteasomal pathway (David et al., 2002; Feuillette et al., 2005) . Therefore, to investigate possible mechanisms involved in Tatmediated MAP2 breakdown, we treated Tat-expressing neurons with specific inhibitors of the calpain or proteasome pathways. Among the inhibitors used, only treatment with proteasome inhibitor, MG-132, preserved MAP2 degradation in Tat-positive neurons, suggesting a critical role for proteasomal activity in Tatmediated MAP2 degradation.
With respect to apoptosis, the region of Tat containing the core and the basic domains (amino acids 31-61) has been often associated with neurotoxicity (Sabatier et al., 1991; Nath et al., 1996) . In particular, the basic domain (amino acids 49 -57) is the minimal neurotoxic region causing cell death (Sabatier et al., 1991) . In line with these findings, expression of a mutant of Tat lacking the tubulin-binding region, Tat⌬36 -39, only delayed apoptotic events in rat embryonic cortical neurons. However, this tubulin-binding domain appeared necessary for Tat-mediated MAP2 degradation. Immunofluorescence studies performed on differentiated neurons further revealed Tat-dependent recruitment of 20S particles to microtubules (Fig. 5 ). In agreement with other studies showing that neurons from rat and human brains display mainly nuclear immunolabeling of the 20S proteasome (Adori et al., 2005) , we also found predominant nuclear and perinuclear staining of the 20S in cultured rat embryonic cortical neurons and in control normal human brains. Importantly, a dramatic redistribution of the 20S particles from the nucleus to the cytoplasm was observed in Tat-expressing cell cultures, as well as in cortical neurons of HIVE brain tissue sections. It has also been reported that, during apoptosis, proteasomes are transported from the nucleus into the cytoplasm where they associate with cytoplasmic blebs (Pitzer et al., 1996) . In this respect, the cytoplasmic shift of the 20S observed in Tat-positive cells might be an event that follows apoptotic stimuli induced by Tat. However, the intense nuclear staining of the 20S in Tat⌬36 -39, which is also toxic to the cells, suggests that the Tat-induced apoptosis does not require the shift of the 20S to the cytoplasm. In contrast, these data support a model in which Tat is retained in the cytoplasm via its tubulin binding domain, and that the tubulin/Tat complex is required for the Tat-mediated recruitment of the 20S to microtubules, where it promotes MAP2 degradation (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). In this model, localization of Tat in the neuronal cytoplasm appears to play a critical role. In contrast to other cell types in which expression of Tat is detected exclusively in the nucleus/ nucleolus, we observed cytoplasmatic redistribution of Tat protein in neurons both in vitro (Figs. 1 B , 5B) and in vivo (Figs. 6, 7) . Direct binding of Tat to proteins such as tubulin (Chen et al., 2002) , Lis1 (Epie et al., 2005) , and Hic (Gautier et al., 2005 ) that vary in abundance between different cell types could mediate the distribution of Tat within the cytoplasmic compartment. Retention of Tat in the neuronal cytoplasm may in turn trigger proteasome relocation to the cytoplasm causing MAP2 degradation. Indeed, a significant subcellular redistribution of 20S particles was observed in cortical neurons of HIVE clinical samples (Fig.  6) , suggesting that the cytoplasmic shift of the 20S might play a role in HIV-associated neurological disorders. Although the nature of the 20S complexes remains to be elucidated, the Tatdependent transfer of the 20S from the nucleus to the cytoplasm of neurons defines a new molecular mechanism by which viral proteins released in the brain could cause neuronal damage in HIV encephalopathy.
